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[57] ABSTRACT

A line scanning apparatus includes a cylindrical housing
which holds a spin mirror, a detector array, a multi-
plexer assembly, an analog-to-digital converter, a shaft

encoder, digital processing apparatus and memory stor-
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age devices. Inertial navigation system (INS) reference
information, including velocity-to-height ratio data 1s
provided. The line scanning apparatus further includes
optics for focusing radiation which is reflected into the
optics by the spin mirror which is inclined at about a 45°
angle to the optical axis. The detector array comprises
a plurality of radiation detector cells which provide a
plurality of synchronously sampled signals representa-
tive of the amount of radiation impinging on the detec-
tor array at-any given time. The spin mirror is attached
to a spin mirror motor which is further attached to the
shaft encoder. The shaft encoder provides positional
data to the digital processing apparatus wherein the
positional data represents the spin mirror orientation
correlated to a particular period in time. The memory
device stores the radiation signals and the synchronous
positional data further comprised of array displacement
coordinate information which is synchronously corre-
lated to the digital radiation signals. An address control

device is arranged to load data into a frame buffer for
correction of time delays resulting from the apparent

array rotation by compensating for the time delays for
applying the displacement information to the corre-
sponding sampled signal. An approximately constant
along track swath width per scan results and more
readily interpreted imagery results thereby.

20 Claims, 4 Drawing Sheets
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1
LINE SCANNER

The present invention 1s concerned generally with
radiation detection apparatus and, more particularly, it
is directed to an improved airborne infrared line scanner
which employs 1mage rotation and a 45° scanner to
provide a more constant along track (ALT) swath
width on the ground as the device scans and further
utilizes defocus effects to advantage by combining such
effects with digital image processing.

BACKGROUND OF THE INVENTION

Airborne opto-mechanical scanners have been found
to be very useful devices because they produce a strip
map optical image of the terrain overflown by an air-
craft. They are capable of covering a very large area in
a single flight and provide imagery superficially like
aerial photography. By far, the greatest application of
line scanners has been in the infrared spectral regions
especially in the two so-called atmospheric window
bands, namely 3-5 micrometers and 8-14 micrometers
in wavelength. To a lesser extent such devices have
been used at shorter wavelengths such as the visible
spectral band and with active laser scanning at various
laser wavelengths. The present invention applies pri-
marily to passive infrared imaging in these two infrared
window bands but the invention could apply as well to
visible or near infrared wavelengths.

The earliest airborne infrared line scanners used a
scanner type called an “axe-head’ scanner because they
typically employed a scan mirror having two scanning
mirror surfaces resembling a chisel or a blunt axe head
in form. Numerous scanners of this type are well-known
to the art and have flown successfully from the 1960s to
the present. Several disadvantages of this type of scan-
ner led to their replacement as the preferred airborne
infrared line scan device. Among these disadvantages
were the fact that the 45 degree angle placement of each
scan mirror surface caused the image to rotate as the
scan progressed from one horizon to the other. In fact
the amount of rotation 1s 180° and 1s symmetrical about
the midscan, or nadir position directly below the air-
craft. This rotation of the image causes the image of a
road, for example, to appear s-shaped even though the
road is perfectly straight and aligned parallel to the scan
dimension which is transverse to the line of flight of the
aircraft. Such s-shaped distortion not only makes the
imagery more difficult to interpret but it also limits the
number of detectors which can be placed in linear array
in the along track, or flight, direction. It is very useful to
employ a linear array of detectors aligned parallel to the
flight direction because such an array with a plurality of
detectors allows more than one channel of information
to be collected for each scan. Another way of express-
ing this advantage is to say that a linear array with a
plurality of detectors has a greater along track cover-
age. As a consequence, for a given velocity-to-height
(V/H) ratio it is possible to keep a contiguous and con-
tinuous coverage using fewer scans per second. It is a
distinct advantage to be able to keep up with the maxi-
mum V/H ratio while using a lower scan mirror rota-
tion rate because reliability increases, electrical power
to the scan drive is greatly reduced, and windage and
noise are also reduced. Early scanners were not used for
high V/H missions because image rotation limited the
number of parallel channels to one or two and to pro-
vide the increased V/H capability it was necessary to
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scan at unacceptably high rotation rates such as 12,000
rpm.

Split aperture scanners, such as the Kennedy scan-
ners, began to replace axehead scanners in the 1970
decade. The split aperture type of design had the de-
cided advantage of not causing image rotation as the
scan progressed but they used a more complicated opti-
cal design and required two optical fold mirrors on
either side of the prismatic section scan mirror i order
to receive the scanned radiation and fold it ultimately to
a focus on the detector focal plane. The split aperture
design line scanners used prism shaped scan mirrors
which had either three or four facets. Each facet theo-
retically scans at least 180" of transverse scan angle, but
often less than this amount was used because of the
inherent distortions in such line scanners. The most
annoying of these distortions is called bow-tie distortion
and occurs because the fixed along track angular sub-
tense of the linear array of detectors is scanned along
the ground transversely and hence, the ground sub-
tense, or ground footprint of the array grows as the scan
angle from nadir increases. Because the aircraft moves
forward a constant distance during each scan period
there will be an eventual overlap beyond a certain scan
angle before or after nadir (defined herein as O degrees
scan angle). This overlap at the higher scan angles
causes a loss of information that renders the imagery
useless at scan angles in excess of +/—60° unless chan-
nels are dropped from the image recording process in a
dynamic manner as the scan progresses from nadir.
Prior to reaching nadir it is necessary to start with one
or two channels (depending on V/H) and to stepwise
symmetrically add channels up to the maximum number
required at nadir for a given V/H ratio. This technique
was known in the prior art but because of electronic
complexity, was seldom used until the decade of the
1980s when digital electronic signal processing was
added to reconnaissance systems.

The split aperture design provides a reasonably uni-
form aperture over the major portion of the required
fields of view specified by the user community up until
the mid 1980s. This feature results from the fact that as
one aperture decreases during the scan the other aper-
ture increases. At nadir both aperturés are equal. The
split aperture designs sum both images at the focal plane
and one disadvantage of such designs 1s the requirement
to adjust and maintain this alignment over the full range
of vibration and thermal environments of the intended
use. Another disadvantage of the split aperture designs
is that the across track dimension of each single aperture
varies with the scan angle and, hence, its diffraction
modulation transfer function (MTF) can have a very
low value at certain scan angles, thus degrading the
resolution from that aperture. It is not possible to con-
sider the dimension of the combined across track aper-
ture In the evaluation of the diffraction MTF because
the infrared radiation i1s not coherent by virtue of the
fact that the optical path length to the focal plane differs
between the two adjacent left and right apertures by
many wavelengths. It is common practice in the design
of such split aperture optics to employ a much larger
dimension for the along track (ALT) aperture as com-
pared to the across track (ACT) aperture. For example,
at nadir, where the across track (ACT) apertures are
equal one could make each ACT aperture to be one
inch wide and employ an ALT aperture of 5 inches in
length. This causes a drastic difference in the MTF
values from diffraction in the two dimensions. This
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disadvantage is usually overcome by the use of elec-
tronic MTF boost in each of the signal processing am-
plifiers to increase the system across track MTF to
acceptable levels and hence, to achieve the desired
resolution. An undesirable consequence of the MTF
boost is that electronic noise is also boosted and thus,
the overall signal-to-noise ratio is diminished. Both the
axehead scanners and the split aperture scanners have a
limited collecting aperture in proportion to their overall
size. The axehead scanner has a lower scan efficiency 1n
comparison to the split aperture types because 1t typi-
cally uses only one or two scan mirror facets per revolu-
tion and if more facets are used the scan mirror axehead
becomes impractically large. It should be noted that the
axehead scanner has a constant aperture MTF with scan
angle and if only one 45 degree angle scan mirror facet
is used to fill the telescope aperture it is possible to have
a large aperture and hence, a large collection area in a
small overall cylindrical envelope. This fact has been
known to those skilled in the art for many years and
such a variation of the axehead scanner has formed the
basis for many radiometric imagers used by NASA and
by the scientific and weather community of investiga-
tors on satellites and aircraft.

In discussing previous state of the art line scanners 1t
should be noted that there is a continuing and urgent
need to make improvements in the following areas.

The present scanners are too large for many applica-
tions in pods, smaller aircraft, and especially in remote
piloted vehicles (RPVs) where the scanner width in
particular is too large for the allowable installation
diameter.

The present scanners are too heavy for many of their
intended uses. The payload capability of many RPVs 1s
severely limited and even if the RPV is capable of lift-
ing the scanner weight its flight range would be im-
proved with any weight reduction.

The present scanners have an excessively high cost
for many uses. It would be very beneficial 1f a low cost
small infrared linescan sensor could be developed for
RPV use in applications where there is a high probabil-
ity that the RPV will be lost or have at best a lIimited
lifetime. It is contemplated that such RPVs would be
deployed in large numbers where RPVs offer many cost
and human benefits compared to manned airborne re-
connaissance.

The present scanners are too difficult to maintain n
the field and require expensive aerospace ground equip-
ment and extensive training with skilled personnel.

Present linescan systems generate a very high instan-
taneous data rate which greatly complicates the record-
ing of the imagery unless a substantial amount of data
compression and processing i1s employed on data re-
ceived from the line scanner.

The use of axehead scanners is limited to low V/H
values. Further, they suffer from image rotation s-dis-
tortion. While split aperture scanners are not limited to
low V/H values and do not rotate the image, they suftfer
from bow-tie or overlap distortions. Both types of scan-
ners employ fixed infinity focus optical telescopes.
Therefore, when using such scanners, a significant
amount of defocus occurs which limits resolution at the
closer slant ranges that are encountered at low altitudes
up to approximately 1000 ft.
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OBJECTS, ADVANTAGES AND FEATURES OF
THE INVENTION

It is one object of the invention to provide a line
scanner which represents a substantial improvement
because it is sufficiently narrow in width and can be
readily installed in most pods and RPVs,

It 1s a further object of the invention to provide a line
scanner which is substantially easier to manufacture,
align and maintain. The line scanner provided by the
invention has improved environmental performance, a
substantially lower per unit cost and lower overall cost
of ownership because of easier maintainability and
higher reliability.”

It is a further object of the invention to provide a line
scanner which produces an approximately constant
ground footprint across the scan line for each detector
channel. With this feature the invention produces an
image in which an image of a target object, such as a
vehicle below the aircraft at nadir position, occupies
substantially the same image length in the ALT dimen-
sion as an equal sized vehicle viewed at other positions
of the scan. In order to accomplish this end result it 1s a
further aim of the invention to exploit the defocus eftect
in the fixed infinity focus telescope of the line scanner
advantageously so as to provide the desired result in a
simple manner.

It is a further object of the invention to advanta-
geously exploit the image rotation inherent in a scan
mirror set at 45° so as to maximize the use of the detec-
tors in a linear photovoltaic array so as to effectively
match the ALT subtense required for the specific value
of V/R =(V/H) cos 8 required to produce a contiguous
coverage scanning of the scene. This feature of the
subject invention assures that all detectors are used n
the most effective and efficient manner in order to pro-
vide the desired scan pattern. A further advantage re-
sults from the image rotation because at the extremes of
the scan, namely at approximately (+/—) 90°, when
the scanner is viewing at extreme slant ranges near the
horizon it is important to improve the sensitivity of the
scanner as much as is practical because of the atmo-
spheric attenuation, especially at low aircraft altitudes.
This is accomplished in the invention by exploiting the
effect that at the scan extremes of (4/—) 90" the array
has rotated 90° from its relative position at nadir where
it is aligned to the flight direction. At the horizons the
array is aligned with the scan direction such that each of
the n detectors of the array will successively scan the
same scene element at the two horizons, where n 1s an
integer number. This sequential scanning of the same
element can be exploited to improve the signal-to-noise
ratio using the well-known “delay and add” signal pro-
cessing technique. The signal-to-noise ratio improves by
the square root of n for n sequential samplings of the
same scene element provided that the signals from the
individual detector elements are properly delayed and
added together in phase. This is achieved by the inven-
tion with modern digital signal processing and storage
techniques at reasonable cost while previously such
processing was only accomplished at great cost and
complexity.

It is a further object of the invention to provide an
opto-mechanical package that fits into a minimum diam-
eter cylindrical envelope and which uses a maximum
number of simple cylindrical structural elements for
purposes of rigidity, ease of manufacture and lower
cost. In the preferred embodiment of the invention the
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effective aperture of the optical telescope can be be-
tween about 5 and 6 inches in diameter so that diffrac-
tion limited imaging is possible at high signal-to-noise
ratios.

It 1s a further object of the invention to minimize the
rotation rate needed for contiguous coverage scanning
at high V/H ratios such as, for example, between about
1.0 radian per second and 5.0 radian per second. This is
achieved in the invention by the use of wide field optics
in conjunction with a linear array of up to several hun-
dred photovoltaic detector elements using an electri-
cally multiplexed readout electronics method. For ex-
ample, in a previous state-of-the-art split aperture line
scanner it 1s necessary to employ six parallel detectors in
linear array with a scan rate of 400 scans per second in
order to provide contiguous scan coverage at maximum
V/H ratio. The preferred embodiment scanner of the
invention can, for example, employ a 300 element array
so that the scan rate for the same V/H is drastically
reduced to 8 scans per second. Intermediate reductions
in scan rate are possible. There 1s obviously a cost ver-
sus scan rate tradeoff. A reduced scan rate requirement
has the advantage of requiring less power and a smaller
drive motor can be used. There is also less windage, less
acoustical noise and less distortion in the rotating large
scan mirror. It should be noted that the use of photovol-
taic detectors is especially advantageous in scanners
operating in the infrared window spectral bands be-
cause the photovoltaic detectors do not. require the
electrical bias that photoconductive detectors require
and hence, it is therefore much easier to cool the array
to its required cryogenic operating temperature.

‘The numerous advantages and features of the inven-
tion will be apparent to those skilled in the art of air-
borne reconnaissance and in particular, those skilled in
the art of infrared linescan design for airborne tactical
reconnaissance but the invention is also valuable for
airborne surveillance and earth resources measure-
ments. For example, the invention is useful for the de-
tection of forest and brush fires as well as the detection
of crop damage from plant disease and for land use
studies, weather studies, soil erosion studies and similar
applications. |

Other objects, features and advantages of the inven-
tion will become apparent to those skilled in the art
through the Description of the Preferred Embodiment,
claims and drawings herein wherein like numerals refer
to hke elements.

SUMMARY OF THE INVENTION

In accordance with the invention an improved line
scanner is provided for reconnaissance and surveillance
which is particularly useful for infrared wavelengths.
The line scanner includes line scanning apparatus, infra-
red detector arrays and digital processing apparatus.
The line scanning apparatus includes a cylindrical hous-
ing which holds a spin mirror, a detector array, a multi-
plexer assembly, an analog-to-digital converter, a shaft
encoder, digital processing apparatus and memory stor-
age devices. Inertial navigation system (INS) reference
information, including velocity-to-height ratio data is
provided from the inertial navigation system of the
aircraft or from other external systems. The line scan-
ning apparatus further includes optics of focusing radia-
tion which is reflected into the optics by the spin mirror
which is inclined at approximately a 45° angle to the
optical axis. The detector array comprises a plurality of
radiation detector cells which provide a plurality of
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synchronously sampled signals representative of the
amount of radiation impinging on the detector array at
any given time. The multiplexer assembly has a plural-
ity of multiplexer channels wherein each multiplexer
channel is connected to one of the detector cells so as to
receive the synchronously sampled signals into the ana-
log-to-digital converter. The analog-to-digital con-
verter converts the sampled signals received from the
multiplexer into digital radiation signals, that is, digital
signals which are digital representations of the radiation
impinging on the detector array. The spin mirror is
attached to a spin mirror motor which is further at-
tached to the shaft encoder. The shaft encoder provides
positional data to the digital processing apparatus
wherein the positional data represents the spin mirror
orientation correlated to a particular period in time. The
memory device stores the digital radiation signals and
the synchronous positional data. The synchronous posi-
tional data 1s further comprised of array displacement
coordinate information which is synchronously corre-
lated to the digital radiation signals. Connected to the
memory device 1s an address control device which 1s
arranged to load data into a frame bufier for correction
of time delays resulting from the apparent array rotation
by compensating for the time delays by applying the
displacement information to the corresponding sampled
signal mn accordance with the following equations
which are applied prior to loading the frame buffer.

sin 0=8x/(}p41.7/2) (EQ. 1),

ox=(d477/2) sin & (EQ. 2)

cos 8=y/(4L7/2) EQ. 3),

y=(p4L7/2) cos 0 (EQ. 4)

by=(pA4L7/2)—y=(dALT/2X1—Cc0s 6) (EQ. 5)
where

@ is the scan angle from nadir,

¢ 47715 the along track angular coverage per scan,

y is the detector position referenced to the center of

the array,

oy is the ALT displacement coordinate, and

ox is the ACT displacement coordinate.

The information may be displayed or transmitted from
the frame buffer to downstream equipment for process-
Ing.

In the preferred embodiment of the invention, the
detector array is advantageously comprised of photo-
voltaic mercury cadmium telluride (PV HgCdTe). The
detector array may be a linear array or a staggered
array. Other photovoltaic detector materials such as
silicon, platinum silicide, indium antimonide, lead tin
tellunide or other intrinsic or extrinsic materials may be
advantageously used in the invention for sensing visible
and infrared radiation.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a schematic diagram of one embodiment
of a line scanner provided in accordance with the pres-
ent invention using a refractive optical telescope.

FIG. 1B 1s a schematic diagram of another embodi-
ment of a line scanner provided 1n accordance with the
present invention using a catadioptric telescope.

FI1G. 1C 1s a schematic diagram of yet another em-
bodiment of a line scanner provided in accordance with
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the present invention using a folded, all reflective tele-
sCope. |
FIGS. 2A-2G schematically show more detailed

views of infrared detector arrays and array/multiplexer
assemblies which are advantageously employed by the
invention.

FIG. 3 diagrams a projected image on the ground of

a linear array, as employed in one aspect of the inven-
tion, showing the effects of apparent rotation of the
linear array as scanning progresses from scan angles of

—90° to +90° through nadir.

FIG. 4 shows a scan pattern 1n accordance with the
teachings of the present invention wherein the scan
pattern provides desired angular coverage of the
ground in the along track (ALT) dimension for continu-
ous coverage of the ground and for providing a con-
stant ALT swath width ground footprint per scan.

FIG. 5§ 1s a schematic block diagram of signal process-
ing flow in accordance with the present invention.

FIG. 6 illustrates array displacement coordinates as
used in the signal processing method of the invention
and as included in Equations 1-5 herein.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring now to FIG. 1A, a schematic diagram of
one embodiment of a line scanner provided in accor-
dance with the present invention is shown. The line
scanner comprises a cylindrical housing 9 having an
opening 19 which allows radiation 13 into the housing
over the range of desired scan angles. The housing
holds spin mirror 4, optics 5, printed circuit cards 7,
infrared Dewar assembly 6, a spin mirror shaft and
bearings 3, an optical encoder 1 and a spin motor 2. The
shaft and bearings assembly 3, spin motor 2, optical
encoder and spin mirror 4 are mounted together in a
conventional manner. The optics § advantageously
comprise an infrared focusing lens assembly which may
be a simple doublet or equivalent refractive optics hav-
ing an optical speed in the range of about F/1.0 to
F/1.5. The spin mirror 4 is advantageously fabricated as
an elliptically shaped spin mirror which is inclined at
approximately 45° with respect to the optical axis of the
optics 5. The spin mirror may be advantageously fabri-
cated from foam-cored diamond machined aluminum or
materials with similar reflective properties. The infra-
red Dewar assembly may be made in accordance with
conventional methods. Mounted within the infrared
Dewar assembly and arranged to receive the focused
infrared radiation from the optics 5 is the detector array
8 which may be comprised advantageously of a photo-
voltaic HgCdTe focal plane assembly and a readout
multiplexer as will be discussed further hereinafter. The
printed circuit cards 7 may preferably be ring shaped so
as to maximize space usage within the housing. The
circuit cards 7 advantageously include electronics for
an analog-to-digital converter, memory devices, ad-
dress control devices, a frame buffer, and other elec-
tronics typically employed in an infrared detection sys-
tem including a phase-locked-loop servo drive for rota-
tion of the spin motor.

The scan mirror 4 is fixed to the shaft 3 which rotates
about the optical axis of the optics 5 and which 1s driven
by the spin motor driven by a phase locked loop servo
drive such that the rotation rate is controllable either to
a fixed or a variable rate as required. The optics S can be
either a simple refractive type telescope as illustrated
herein by FIG. 1A, or can be an all reflective folded
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telescope or can be of a catadioptric design. The optical
speed of the refractive telescope of FIG. 1A 1s prefera-
bly F/1.0 for minimum detector size and, hence, mini-
mum detector noise for a given instantaneous field of
view. Since the scan mirror 1s elliptical in shape, 1ts
projection at 45° 1s circular in shape and, hence, the
aperture of the scanner optics 10 1s circular. In the pre-

ferred embodiment of the scanner as shown in FIG. 1,
this aperture 1s preferably about 6 inches in diameter.
However, those skilled in the art will recognize that the

invention provides for the use of other aperture diame-
ters.

Referring now to FIG. 1B an alternate embodiment
of the invention i1s shown wherein the optics comprise a
folded catadioptric telescope including a corrective
concentric spherical lens 14 upon which a secondary
reflective mirror 16 1s concentrically mounted so as to
receive reflected radiation from a primary mirror 12.
The other line scanner elements are essentially as de-
scribed and shown in FIG. 1A. The catadioptric tele-
scope may be a Maksutov-Bouwers, Schmidt or equiva-
lent style telescope.

Referring now to FIG. 1C another embodiment of a
scanner as provided in accordance with the present
invention 1s shown having a folded all reflective tele-
scope. The folded all reflective telescope comprises a
secondary mirror 27, having spider supports 22 for
focusing and reflecting radiation from the primary mir-
ror 25 through opening 10 onto the detector array 8.

Now referring to FIGS. 2A-2G, various details of
the preferred and alternate embodiments of the detector
array are shown. FIG. 2A shows a linear array of pho-
tovoltaic mercury cadmium telluride detectors opti-
mized for use in the 8-12.5 micrometer spectral band
and advantageously used in conjunction with a CMQOS
electronic multiplexer for readout of the array by se-
quential blocks of detectors into a reduced number of
signal processing channels. The array has n detectors in
a linear pattern which, at nadir, is aligned in parallel to
the aircraft flight direction and normal to the scan di-
rection. FIG. 2A shows the detector array schemati-
cally with the detectors being almost contiguous. The
present invention does not require that the individual
detectors be completely contiguous because the present
invention takes advantage of defocus effects which
require lower resolution of ground detais viewed at
nadir than radiation viewed at either horizon where the
highest resolution 1s required.

The invention, therefore, encompasses array designs
which range from those which are contiguous. For
example, the detector arrays used with the invention
may be of staggered design such as shown in FIG. 2B,
2C and 2D. In such design successive elements are dis-
placed in the across track dimension. FIG. 2B shows a
dual staggered array 30B having elements 32. FIG. 2C
shows a triple staggered array 30C having elements 32.
FIG. 2D shows a quadruple staggered array 30D com-
prised of similar detector elements. The linear array
shown in FIG. 1A may be a single linear array coms-
prised of approximately 60 to approximately 600 colin-
ear PV HgCdTe elements with totally evaporated lead-
out (TEL) connections to multiplexer electronics as is
shown in FIG. 2E. Referring now to FIG. 2E, the focal
plane array 30A having elements 32 1s connected by
TEL connection 38 to input 36 to a multiplexer channel
in multiplexer electronics 34A.

Alternatively, the staggered arrays may be arranged
into a focal plane array 30B, for example, which may be
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bump interconnected to a multiplexer plane 34B as is
shown 1n FIG. 2F and 2G with bump interconnects 440.
TEL connections and bump interconnection methods
for focal plane arrays and multiplexer electronics are
well known in the art. Typically indium or indium alloy 5§
is used for the bump material.

In FIG. 2A, the array is purely linear in that all ele-
ments are co-located on a single line. The staggered
array designs can include the use of 2, 3 or more rows 1n
a staggered pattern as shown in FIGS. 2B, 2C and 2D. 10
Furthermore, the use of a CMOS type multiplexer 1s
shown, but as will be appreciated by those skilled 1n the
art, other types of multiplexers such as CCD type or
NMOS or other variance of conventional multiplexers
may be employed as well. 15

The number of elements 1n the array, N, 1s chosen for
the range of velocity-to-height (V/H) values required
by airborne missions and applications. In FIG. 2A, the
array 1s shown to have approximately 300 elements on
the average. The size of the individual detectors is 20
chosen to provide the required instantaneous field of
view angle. The detectors are shown to be square in the
preferred embodiments of 2A, but generally rectangular
detector shapes can also be used providing that the
shape does not approach a thin rectangle. Usually, the 25
detector width in the across track (ACT) dimension is
no less than 0.6 of the ALT dimension. The detector
size for a square detector 1s simply s=fw, where f is the
telescope focal length and w is the detector instanta-
neous field of view (IFOV) in radians. For the F/1.0 30
system of the preferred embodiment, the focal length
equals the aperture diameter, namely six inches, and iIf ©
1s the required instantaneous field of view (IFOV), then
the square detector size is s=6w. For example, if
w=1X10—% radian then s=6X10—4 inch in the pre- 35
ferred embodiment.

. Referring now to FIG. §, a schematic block diagram
of the signal processing apparatus as provided by the
invention 1s shown. Apparatus used in the signal pro-
cessing incilude the focal plane PV array 30, the focal 40
plane multiplexer switch 34 a clock 52, analog-to-digital
converters 54, shaft encoder 60, V/H data from the
vehicle initial navigation system (INS), address control
64, programmable read-only memory (PROM) devices
66, and digital frame buffer 68. The clock and V/H 45
input data may be provided externally from other avi-
onics carried by the aircraft. In the example of a 300
element array, it 1s convenient to read out the individual
detector signals 1n groups of 50 into six processing chan-
nels. The readout 1s synchronous so that for any given 50
time it is possible to recover the signal for any detector
element. The six analog signal channels are synchro-
nously digitized and the information 1s read into a digi-
tal frame buffer memory under dynamic address control
from a memory device, such as a programmable read 55
only memory (PROM), such that the digital signal from
each detector i1s placed into a specific memory location
for each clock pulse from the clock §2. The PROMS 66
contain an algorithm for address control 64, to correct
for time delays resulting from the apparent rotation of 60
the array, and to correct for the variable ALT angular
subtense of the array as the scan progresses from one
horizon to the other. In addition, the digital signal pro-
cessing controlled by the PROM provides for the use of
delay-and-add signals in a conventional manner to pro- 65
vide signal-to-noise ratio improvement at or near the
extremes of the scan. The use of well-known delay-and-
add techniques becomes eftective at scan angles beyond

10

60" and progressively increases until at the edge of the
scan, the signals from all N detectors are combined in
the memory into a single memory cell.

Referring now to FIG. 3, a diagram of the projected
image S0 of a linear array as it rotates 180° on a flat earth
below the aircraft as scanning progresses from —90° to
+90° through nadir 1s shown At the left edge of the
scan field of view at —90° scan angle, the scanner views
toward the left horizon. At this time the array 1s aligned
in parallel to the scan direction as shown in FIG. 3, with
the B-side of the array closest to the left horizon. As the
scan progresses towards nadir the array 1s effectively
rotated with respect to the image such that at nadir it
has appeared to rotate a full +90°. In actual fact, the
scene 1mage rotates across the fixed array. As the scan
continues past nadir, the array appears to continue to
rotate until, at the right edge of the scan field of view,
the array appears to be rotated an additional 90° such
that the B-side of the array 1s pointing to the right hori-
ZOn.

In operation, the invention stores displacement coor-

dinates for each sampled signal for each detector cell at
any given period in time. The displacement coordinates
reference the cell position at the given time period to

the array center, ¢, and are used by the address control
algorithm 64 to correct for displacement of the sample
signal caused by the apparent rotation of the detector
prior to loading the signal data into the digital frame
buffer 68. The digital frame buffer then outputs the
signal data which has now been corrected for array
rotation defects to a display, recorder, or other output
device wherein straight roads, etc. will appear undis-
torted and not s-shaped as the case in the prior art.

FIG. 6 illustrates the derivation of array displacement
coordinates as used in the signal processing method and -
apparatus of the invention. Initially, it 1s important to
determine & 477, which is the along track angular cov-
erage per scan. In one example, the linear ground sub-
tense in the ALT dimension 1s

S=R ¢4 7=constant 2.5 feet for V=1000 feet/s and

a line scan period, *

Tr=2.5 MS at a scan rate of 400 scans per second.
The present invention provides means for a 10 foid
reduction in required shaft speed to 40 scans per second
(i.e., 40 rps or 2400 rpm) by increasing the number of
detectors used in the linear array by 10 times. There-
fore, in this example:

¢4LT=(V/H)MAx COS 8/n

where

n=40 scan/s for preferred embodiment

0 =scan angle from nadir. |

Image rotation causes the array to sample in a dis-
placed manner from that of an unrotated scanner. These
displacements are called 6x and 8y in general and de-
pend on both 6 and on the cell position in the array
(referenced to array center) as shown i1n the equation
below. Note that for intermediate detectors, the 0x;and
0y;; are proportional to detector position from center C,
namely y; and may be solved by proportional triangles
as follows:

sin 6=0X/($p417/2), dx=(d4L7/2) sin ¢
cos 0=/ (bar7/2), y=(b4LT/2) COS ¢

8y =(baL7/2)—y=(baL7/2X1 —cOs 6)



5,055,683

11

where

@ is the scan angle from nadir, and

.41 71s the along track angular coverage per scan,

y is the detector position referenced to the center of

the array and, hence, may be either positive or
negative in value,

8y is the along track (ALT) displacement coordinate,

and

8x is the across track (ACT) displacement coordi-

nate.

The values 6x; and &y; are computed during the de-
sign of specific embodiments of the invention and are
advantageously stored in a PROM for each of the p
discrete values of 6;from —90° to +90°. The value of p
is the total number of discrete digitally sample signals
from each individual detector during any one scan.
During the scan from one horizon to the other the num-
ber of detectors of the multiplexed array which are
sampled and stored will vary with the scan angle. The
sampling of each detector is synchronous with the scan
angle as it varies such that there are a total of p incre-
mental angles in any scan and the value of the scan
angle at any sampling time can be conveniently desig-
nated as 6; where 1 varies from zero to p/2 on either side
of the center of symmetry of the array, said center of
symmetry of the array is aligned to point at nadir during
the center of the opto-mechanical scan. The number of
total samples taken across a scan line and the number of
detectors used at any particular scan angle, 8;, are de-
sign parameters of the invention and are selected during
design to meet the particular application and mission
requirements. |

A typical application, summarized in Table 1, might
require a nominally constant ground resolution approxi-
mately equal to one foot. If the aircraft altitude is
H =400 feet and the maximum slant range 1s:

. R=1500 meters=4921.25 feet, while the footprint 1s

S=Rwy, where w, is the instantaneous field of view,
or IFOV, of the detector in the ACT dimension and S
is taken normal to the line of sight. In this example,
S=1.23 feet at the maximum slant range of 4921.25 feet
when the IFOV,wy, i1s equal to 0.25 milliradian. This
occurs at a scan angle of:

6,=cos—1(400/4921.25)=%85.34° which is near the
left or right horizon, depending on the sign. At nadir

12

dimension is simply the size of the along track aperture

~ itself. In this example, the ALT aperture 1s 6 inches, 1.e.,

5
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0.5 feet. Thus, the resulting footprint at nadir for a sin-
gle detector IFOV 1s:

S = Ruwy + defocus footprint = Hw, + defocus footprint

== 400¢0.00025) 4 0.5 = 0.6 feet

In this example, two adjacent detector channels are
summed to approximate the desired nominal one foot
size for the constant ground footprint giving, at the
nadir position, a ground footprint of 1.2 feet. Summing
in the across track (ACT) dimension 1s not required
because the electrical signal sampling 1s adjusted to
meet the requirements of the application during design
such that the ACT scene resolution is determined by the
electrical bandwidth of the detector and the signal pro-
cessing electronics.

The previously stored correction coordinates, 6x;and
8y; for each scan position and each detector in use are
used dynamically by the address control circuits during
loading of the frame buffer prior to readout of a frame
of imagery. The 6x ; and dy, values are stored in the
PROM for each value of ;from —90° to 490" and for
each value y;denoting detector position from the array
center. The value of 6;is obtained dynamically during
the scan by taking an appropriately conditioned signal
from the shaft encoder such that the scan mirror posi-
tion is available for determination of the proper address
for the required correction coordinates.

If the V/H ratio changes for any reason, it 1s a feature
of the invention that the PROM need not be reloaded.
The PROM is loaded only once with correction values
appropriate to the maximum V/H value and a scaling
factor, k, is computed using a V/H signal obtained from
the aircraft inertial navigation system, or alternatively,
from a V/H sensor. The scaling factor, k, 1s unity for
the maximum V/H ratio and in general,

(V/H)CHWHI

k= T D mar

where (V/H)cyrren: 1s the value of the V/H ratio at any
instant as determined by the aircraft inertial measure-
ment system.

TABLE 1

Typical System Parameters vs. Scan Angle 6
n = 40 scan/s, (V/H)pmax = 4.8 rad/s = 4800 mr/s,

b4 T = 4800/40 = 120 mr

6 (=) Degrees b4 7(Mr) = O0x = (b4LT/2)MAX Oy = (Q4L7/2)MAax(1 —cC080) =
from Nadir sin @ cos 0 (V/H)ar4x cos /40 sinf = 60 sinf 60 (1 —cost)
0 G ] 120.00 0.00 0.00
10 0.17365 0.98481 118.18 10.42 0.91]
20 0.34202 0.93969 112.76 20.52 3.62
30 0.50000 0.86603 103.92 30.00 8.04
40 0.6427% 0.76604 G1.63 38.57 14.04
50 0.76604 0.64279 77.13 45.96 21.43
60 0.86602 0.50000 60.00 51.96 30.00
70 0.93969 0.34202 41.04 56.38 39.48
80 0.98481 0.17365 20.84 59.09 49 5%
90 ] O 0.00 60.00 60.00
Note:

5x and 8y values are symmetrical about nadir and take their algebraic sign from 8. 8, the scan angle is measured from nadir + or — and detector

position in the array is referénced 1o array center,

viewing the range is simply equal to the aircraft alti-
tude, or 400 feet in this example. There 1s considerable
optical defocus at this close range because the scanner
telescope of the invention is set for infinity focus. The
defocus itself has a footprint which in the along track

65

This invention has been described herein in consider-
able detail in order to comply with the Patent Statutes
and to provide those skilled in the art with the informa-
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tion needed to apply the novel principles and to con-
struct and use such specialized components as are re-
quired. However, it is to be understood that the inven-
tion can be carried out by specifically different equip-
ment and devices, and that various modifications, both
as to without departing from the scope of the invention
itself.

What is claimed 1is:

1. An improved line scanner for airborne radiation

sensitive systems comprising:

(a) means for focusing radiation having an optical
axis;

(b) a spin mirror included at about 45° to the optical
axis;

(c) a detector array comprising a plurality of radia-
tion detector cells which provide a plurality of
synchronously sampled signals representing the
radiation impinging on the detector at any given
time;

(d) a multiplexer assembly having a plurality of multi-
plexer channels wherein each multipiexer channel
is connected to one of the detector cells so as to
receive the synchronously sampled signals;

(¢) means for converting the sampled signals into
digital radiation signals;

(f) a shaft encoder for providing positional data repre-
senting the spin mirror orientation at any given
time;

(g) means for providing velocity-to-height data;

(h) memory means for storing the digital radiation
signals together with synchronous posttional data
including array displacement coordinate informa-
tion corresponding in time to each portion of the
digital radiation signal and for storing the velocity-
to-height data; '

(1) a frame buffer; and

(j) address control means arranged to load data into
the frame buffer for correction of time delays re-
sulting from the apparent array rotation by com-
pensating for the time delays through applying the
displacement information to the corresponding

sampled signal in accordance with the following
equations

sin 0=56x/(b47.7/2), 6x=(b47.7/2) 5in O
cos 0=y/(bar1/2), y=(b4LT/2) COs 8

Sy=(b4r7/2)—y=(baLT/2(1 —c08 8)

where

fis the scan angle from nadir,

¢ 41 11s the along track angular coverage per scan,

y is the detector position referenced to the center
of the array,

dy is the along track displacement coordinate, and

ox 1s the across track displacement coordinate.

2. The apparatus of claim 1 wherein each of the ele-
ments (a) through (j) are mounted in a cylindrical hous-
ing.

3. The apparatus of claim 1 wherein the means for
focusing radiation comprises an infrared focusing lens
assembly having an optical speed in the range of about
F/1.0 to F/1.5. ,

4. The apparatus of claim 1 wherein the means for
focusing radiation comprises a folded catadioptric tele-

scope.
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S. The apparatus of claim 1 wherein the means for
focusing radiation comprises a folded all reflective tele-
SCOpe.

6. The apparatus of claim 1 wherein the detector
array is structured and arranged to be a single linear
array connected by TEL connections to the multiplexer
assembly.

7. The apparatus of claim 6 wherein the single linear
array comprises collinear detector cells and wherein the
number of cells is in the range of about 100 to about 600
cells.

8. The apparatus of claim 6 wherein the detector
array consists substantially of PV HgCdTe material.

9. The apparatus of claim 1 wherein the detector
array is comprised of a staggered array having at least
two staggered lines of detectors forming a focal plane
array.

10. The apparatus of claim 9 wherein the focal plane
array 1s bump bonded with bump interconnects to the
multiplexer assembly.

11. An improved line scanner for airborne radiation
sensitive systems for scanning a scene from left to right
horizons including a plurality of single scene elements
comprising:

(a) means for focusing radiation having an optical

axis;

(b) a spin mirror included at about 45° to the optical
axis;

(c) a detector array comprising a plurality of radia-
tion detector cells which provide a plurality of
synchronously sampled signals representing the
radiation impinging on the detector at any given
time;

(d) a multiplexer assembly having a plurality of multi-
plexer channels wherein each multiplexer channel
is connected to one of the detector cells so as to
receive the synchronously sampled signals;

(e) means for converting the sampled signals into
digital radiation signals;

(f) a shaft encoder for providing positional data repre-
senting the spin mirror orientation at any given
time; '

() means for accepting and conditioning a velocity-
to-height signal from a system external to the in-
vention;

(h) memory means for storing the digital radiation
signals together with synchronous positional data
including array displacement coordinate informa-
tion corresponding in time to each portion of the
digital radiation signal and for storing the velocity-
to-height data;

(1) a frame buffer; and

(j) address control means arranged to load data into
the frame buffer for correction of time delays re-
sulting from the apparent array rotation by com-
pensating for the time delays through applying the
displacement information to the corresponding
sampled signal in accordance with the following
equations

sin 8=06x/(b41.7/2), Ox=(d477/2) sin &
cos 6=y/($417/2), y={(d4L7/2) cOs O
Oy=(b4r7/2)—y=(baL7/2X1—CO0s §)

where
01s the scan angle from nadir,
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41 7is the along track angular coverage per scan,
y is the detector position referenced to the center
of the array, |
Sy is the along track displacement coordinate, and
8x is the across track displacement coordinate;
(k) means for selecting detector signal channels; and
(1) means for combining detector signals, said equa-

tions used in conjunction with detector signal
channel selection and signal combination means so

as to provide an approximately constant ground
footprint of each scan swath throughout a scan
from one horizon to the other and so as to provide
enhanced signal-to-noise ratio for those portions of
the scan between the left horizon and —60° scan
angle and between 4 60° and the right horizon, said
signal-to-noise ratio improvement being a factor of
the square root of n at either horizon and less else-
where, where n is the number of detector signals
being combined to represent a single scene ele-
ment.

12. The apparatus of claim 11 wherein each of the
elements (a) through (1) are mounted in a cylindrical
housing.

13. The apparatus of claim 11 wherein the means for
focusing radiation comprises an infrared focusing lens
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assembly having an optical speed in the rang of about
F/1.0 to ¥/1.5.

14. The apparatus of claim 11 wherein the means for
focusing radiation comprises a folded catadioptric tele-
scope.

15. The apparatus of claim 11 wherein the means for
focusing radiation comprises a folded all reflective tele-

scope.
16. The apparatus of claim 11 wherein the detector
array is structured and arranged to be a single linear

array connected by TEL connections to the multiplexer

assembly.

17. The apparatus of claim 16 wherein the single
linear array comprises collinear detector cells and
wherein the number of cells is in the range of about 100
to about 600 cells.

18. The apparatus of claim 16 wherein the detector
array consists substantially of PV HgCdTe material.

19. The apparatus of claim 11 wherein the detector
array is comprised of a staggered array having at least
two staggered lines of detectors forming a focal plane
array.

20. The apparatus of claim 19 wherein the focal plane
array is bump bonded with bump interconnects to the

multiplexer assembly.
Xx X * ¥ *
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